Introduction
============

Clinically, lumbar disc herniation (LDH) is a common disorder that can cause low back pain and severe radiculopathy, characterized by hyperalgesia, allodynia.[@b1-jpr-10-375] Long-term chronic pain seriously compromises the quality of life of these patients. Radicular pain, one of the most common types of neuropathic pain, is mostly triggered by the mechanical compression and the local inflammation.[@b2-jpr-10-375] Although the symptoms and physical sign are clear in clinic, the pathophysiology of neuropathic pain associated with LDH is incompletely clarified. The current therapeutic strategies are incapable of completely relieving the neuropathic pain.

Nuclear factor-kappa B (NF-κB) is a transcription factor that has a pivotal role in the onset of inflammation. In the quiescent state, NF-κB proteins exist in an inactive state as homo- or heterodimers bound to its inhibitor of NF-κB (IκB) molecules in the cytoplasm. The p65/p50 heterodimer appears to be the most abundant form of NF-κB in mammals. IκB is phosphorylated by the IκB kinase (IKK) complex, which is mainly composed of the subunits IKKα and IKKβ. Subsequently, NF-κB is activated and translocated to the nucleus, and then initiates the transcription of downstream target genes involving inflammation.[@b3-jpr-10-375] Ma and Bisby reported that the expression of genes induced by NF-κB in the dorsal root ganglion (DRG) neurons may finally lead to events responsible for the pain behaviors after partial sciatic nerve injury.[@b4-jpr-10-375]

The nucleotide-binding domain-like receptor protein 3 (NLRP3) inflammasome is a cytoplasmic multiprotein complex. It consists of the regulatory subunit NLRP3, the adaptor apoptosis-associated speck-like protein containing caspase-1 activator domain (ASC) and the effector subunit caspase-1. NLRP3 inflammasome can be activated by various pathogens such as bacteria, virus and fungi, and has the ability to sense the sterile tissue damage or metabolic stress. Under the hits of the aforementioned stimuli, caspase-1 is cleaved and subsequently switches pro-interleukin (IL)-1β and pro-IL-18 into their active forms.[@b5-jpr-10-375] In addition, previous studies have showed that proinflammatory cytokine IL-1β and L-18 play an important role in the progression of pain hypersensitivity and the positive feedback between neurons and glial cells.[@b6-jpr-10-375],[@b7-jpr-10-375]

Bay11-7082 is a selective inhibitor of IKK-β and it irreversibly inhibits IκBα phosphorylation with resulting in the downregulation of NF-κB activation. Previous study reported that Bay11-7082 was a potent inhibitor of the inflammasome independent of their inhibitory effect on the NF-κB pathway.[@b8-jpr-10-375] In this study, we examined whether Bay11-7082 attenuates neuropathic pain via inhibiting the activations of NLRP3 inflammasome and NF-κB in the LDH-mimicry rat model.

Experimental procedures
=======================

Animals
-------

Ninety adult Sprague Dawley rats (female, 200--250 g) were used in this study. The animals were maintained on a 12-h light/dark cycle with food and water provided ad libitum. Housing was kept at a constant room temperature and humidity level. All surgical procedures and experiments were approved by the Ethical Committee of Soochow University and were in accordance with the Guidelines for the Care and Treatment of Laboratory Animals of the US National Institutes of Health. Animal treatments and procedures were performed according to the Guidelines of the International Association for the Study of Pain. All efforts were made to minimize their pain, discomfort and suffering.

Surgery
-------

The rats were anesthetized with sodium pentobarbital (40 mg/kg, intraperitoneal), and all surgical procedures were instrumented with sterile techniques. As described previously,[@b9-jpr-10-375],[@b10-jpr-10-375] rats were placed in a prone position and an incision was made at the spinal midline at levels L4--L6. The fascia was incised just to the left of spinous process of the fifth lumbar vertebrae. Multifidus muscles were gently moved laterally to expose the facet joint and interlaminar space. The left L5 DRG and spinal nerve were exposed by partial unilateral laminotomy and facetectomy without injury of dura mater and mechanical compression at the time of surgery. Nucleus pulposus (NP, \~3 mg) was harvested from between the second and third vertebrae of each tail, and the amount harvested was almost the same for different rats. Then the obtained NP was gently implanted next to the left L5 nerve root just proximal to the DRG without mechanical compression at the time of surgery. All surgical procedure for sham control was identical with NP-treated group, including harvesting of autologous NP from each tail, except the implantation of autologous NP. After the surgical procedures, the fascia and skin were closed.

Drug preparation
----------------

The dosage of Bay11-7082 (Sigma-Aldrich, St. Louis, MO, USA) was determined according to previous studies with minor modifications.[@b11-jpr-10-375] Bay11-7082 was dissolved in 10% (v/v) dimethyl sulfoxide/phosphate-buffered saline. The treatment group received intraperitoneal injections thrice a week of Bay11-7082 (5 mg/kg) for 4 weeks, whereas the animals in the control groups received only the vehicle.

Assessment of mechanical allodynia and thermal hyperalgesia
-----------------------------------------------------------

The rats were tested for 4 days before surgery and on days 1, 3, 7, 14, and 28 after surgery. In a quiet room, animals were placed individually in acrylic cages with a mesh floor and allowed to acclimate for 30 min before the start of testing. Mechanical allodynia was defined by the incidence of foot withdrawal in response to non-noxious mechanical indentation of each hind paw using a probe with añ0.5 mm^2^ polypropylene tip (Electronic von Frey Anesthesiometer, IITC Life Science, Woodland Hills, CA, USA). The mechanical withdrawal threshold in each animal are the means of four tests performed with intervals of at least 6 min.[@b12-jpr-10-375]

Thermal hyperalgesia was measured by foot withdrawal latency to heat stimulation according to the manufacturer's protocol.[@b13-jpr-10-375] Briefly, each rat was placed in a box containing a smooth glass floor. The temperature of the glass was maintained at 26°C±0.5°C. An analgesia meter (IITC Model 336 Analgesia Meter, Life Science) was used to provide a heat source. A heat source beneath a glass floor was focused on the plantar surface of the hind paw. The heat stimulus shut off automatically when the hind paw moved (or after 20 s to prevent tissue damage). Four measurements of withdrawal latency were taken for each hind paw in each test at 6-min intervals. The values are the mean of the four measurements of withdrawal latency.

Western blotting
----------------

To quantify temporal changes in protein levels, Western blot analysis was performed as previous reported.[@b14-jpr-10-375] L4--L5 DRGs were removed quickly from deeply anesthetized rats and homogenized in an ice-cold lysis buffer containing 50 mmol/L Tris-HCl (pH 7.5), 150 mmol/L NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1 mmol/L sodium orthovanadate, 1 mmol/L sodium fluoride, 1 mmol/L ethylenediaminetetraacetic acid, 1 mmol/L phenylmethylsulfonyl fluoride, and 1% cocktail of protease inhibitors (Sigma-Aldrich). The lysates were then clarified by centrifugation at 12,000× *g* for 20 min at 4°C. Protein concentration was quantitated by the protein assay kit (Bio-Rad). Equal amount of samples was run on a 10% SDS-polyacrylamide gel electrophoresis and transferred to a polyphorylated difluoride membrane. The membranes were incubated with 5% nonfat dried milk for 60 min and then incubated with the primary antibodies at 4°C overnight. The membranes were incubated with an horseradish peroxidase-labeled secondary antibody and developed using the ECL detection kit (Millipore, Billerica, MA, USA). Protein expression was normalized against β-actin. Western blot bands were scanned and analyzed with the Quantity One image software (Bio-Rad).

Immunohistochemistry
--------------------

Sacrificed rats were perfused transcardially with warm saline followed by 4% paraformaldehyde in 0.1 mol/L phosphate buffer, followed by 4% paraformaldehyde in 0.1 mol/L phosphate buffer. After the perfusion, the L5 DRG was dissected out from four rats in each group. Tissues were fixed in 4% paraformaldehyde overnight at 4°C and placed in 30% sucrose solution for 24 h at 4°C. Frozen sections of DRG (16 μm) were cut on a freezing microtome. For immunofluorescence staining, the sections were blocked with 5% donkey serum in 0.3% Triton X-100 for 2 h at room temperature and incubated in the first primary antibody at 4°C overnight. The dilution of antibodies were used as follows: anti-NLRP3 (1:100; Abcam), anti-caspase-1 p20 (1:50; Santa Cruz Biotechnology), and anti-calcitonin gene-related peptide (CGRP) (1:100; Abcam). After the primary antibody incubation, the sections were incubated with secondary antibodies according to manufacturer's protocol for 2 h in the dark at room temperature. The images of the stained sections were captured by fluorescence microscope.

Statistical analysis
--------------------

All experiments were done in triplicate, with independent treatments, each of which showed essentially the same results. The experimental data were analyzed using Student's *t*-test by SPSS statistical software. All the results were presented as mean ± standard deviation (SD). For all analyses a two-sided *p* value of \<0.05 was taken as statistically significant.

Results
=======

NF-κB activation in DRGs of NP-treated rats
-------------------------------------------

NF-κB in the DRG neurons may finally lead to events responsible for the pain behaviors after partial sciatic nerve injury.[@b4-jpr-10-375] Here, we want to investigate whether NF-κB signaling is activated in our NP-treated rat model. We found that the phosphorylation of IκBα was significantly elevated in DRGs of NP-treated rats compared to that of naive and sham rats ([Figure 1](#f1-jpr-10-375){ref-type="fig"}). The phosphorylation of IκBα was upregulated with a peak 7 days after surgery in DRGs of NP-treated rat ([Figure 1A, C](#f1-jpr-10-375){ref-type="fig"}). Also, the phosphorylation of p65 was significantly elevated in DRGs of NP-treated rats compared to that of naive and sham rats ([Figure 1B, D](#f1-jpr-10-375){ref-type="fig"}). The phosphorylation of p65 was upregulated with a peak 7 days after surgery in DRGs of NP-treated rat ([Figure 1B, D](#f1-jpr-10-375){ref-type="fig"}).

Activation of NLRP3 inflammasome in DRGs of NP-treated rats
-----------------------------------------------------------

NF-κB plays a crucial role in the regulated production of inflammatory cytokines and in the cytokine-induced expression of major proteins of inflammatory responses.[@b15-jpr-10-375] In our NP-treated rat model, the expression level of NLRP3 was significantly elevated in DRGs of NP-treated rats compared to that of naive and sham rats ([Figure 2A, B](#f2-jpr-10-375){ref-type="fig"}). NLRP3 was upregulated with a peak 7 days after surgery in DRGs of NP-treated rat ([Figure 2A, B](#f2-jpr-10-375){ref-type="fig"}). In consistent with the results of Western blotting, immunofluorescent assay showed that NLRP3 also significantly elevated in DRGs of NP-treated rats 7 days after surgery compared to that of naive and sham rats ([Figure 2C](#f2-jpr-10-375){ref-type="fig"}).

ASC, the component of NLRP3 inflammasome, was significantly upregulated in DRGs of NP-treated rats compared to sham rats ([Figure 2D](#f2-jpr-10-375){ref-type="fig"}). Caspase-1 p20 expression, the indicative of caspase-1 activation, was also significantly increased in DRGs of NP-treated rats 7 days after surgery ([Figure 2D, E](#f2-jpr-10-375){ref-type="fig"}). In consistent with the results of Western blotting, immunofluorescent assay showed that Caspase-1 p20 also significantly elevated in DRGs of NP-treated rats 7 days after surgery compared to that of naive and sham rats ([Figure 2F](#f2-jpr-10-375){ref-type="fig"}).

Next, we found that the expression of IL-1β and IL-18, the downstream of NLRP3 inflammasome, were significantly elevated in DRGs of NP-treated rats compared to that of naive and sham rats ([Figure 3](#f3-jpr-10-375){ref-type="fig"}). IL-1β and IL-18 were upregulated with a peak 7 days after surgery in DRGs of NP-treated rat ([Figure 3](#f3-jpr-10-375){ref-type="fig"}).

Bay11-7082 inhibited the activations of NF-κB and NLRP3 inflammasome in DRGs of NP-treated rats
-----------------------------------------------------------------------------------------------

Bay11-7082 was a potent inhibitor of the inflammasome independent of their inhibitory effect on the NF-κB pathway.[@b8-jpr-10-375] We found that the phosphorylations of p65 and IκBα were both dramatically inhibited by Bay11-7082 treatment in DRGs of NP-treated rats compared to vehicle-treated group ([Figure 4A](#f4-jpr-10-375){ref-type="fig"}). The formation of NLRP3 inflammasome was inhibited by Bay11-7082 treatment ([Figure 4B](#f4-jpr-10-375){ref-type="fig"}). The expressions of NLRP3, ASC, and Caspase-1 p20 were significantly reduced after Bay11-7082 treatment compared to vehicle-treated rats ([Figure 4B](#f4-jpr-10-375){ref-type="fig"}). The expression levels of IL-1β and IL-18 were significantly decreased in the Bay11-7082-treated rats ([Figure 4C](#f4-jpr-10-375){ref-type="fig"}).

Suppression of CGRP expression in DRG neurons of NP-treated rats by Bay11-7082
------------------------------------------------------------------------------

The expression level of CGRP, which defined as a pain marker, was upregulated in DRG neurons in the rat lumbar degenerative intervertebral disc model.[@b16-jpr-10-375] Immunofluorescence showed that CGRP was not detected in the DRG neurons of sham group ([Figure 5](#f5-jpr-10-375){ref-type="fig"}). Cytoplasm staining of CGRP was obviously displayed in rat DRG neurons after autologous NP implantation group ([Figure 5](#f5-jpr-10-375){ref-type="fig"}). Bay11-7082 treatment was able to inhibit the expression of CGRP in rat DRG neurons ([Figure 5](#f5-jpr-10-375){ref-type="fig"}).

Behavioral test
---------------

Finally, we assessed the alleviating action of Bay11-7082 on NP-induced mechanical allodynia and thermal hyperalgesia. Rats in all groups showed stable conditions before surgery in response to mechanical or thermal stimulation. In the NP-treated group, the mechanical or thermal withdrawal thresholds were significantly decreased during the 28 days after surgery compared with the sham group ([Figure 6](#f6-jpr-10-375){ref-type="fig"}). In the Bay11-7082-treated group, mechanical or thermal thresholds were significantly decreased during the 28 days after surgery in comparison with the NP-treated group ([Figure 6](#f6-jpr-10-375){ref-type="fig"}).

Discussion
==========

Regarding pain, some recent reports show the NF-κB pathway has a direct pain-related role. For instance, NF-κB activation was increased in rat lumbar DRG neurons following partial sciatic nerve injuries.[@b4-jpr-10-375] Lentiviral-mediated targeted blockade of NF-κB activity in dorsal spinal cord glia attenuated sciatic nerve injury-induced neuropathic pain in the rats.[@b17-jpr-10-375] Suzuki et al further reported that NF-κB was transduced into DRGs in vivo improved mechanical allodynia and thermal hyperalgesia in a rat LDH model.[@b18-jpr-10-375] NF-κB plays a vital role in regulating the gene expression of proinflammatory cytokine IL-1β. Moreover, this positive feedback loop may amplify local inflammatory responses.[@b19-jpr-10-375] Here, our data showed the upregulation of NF-κB in DRG neurons after the autologous implantation of NP and the significant inhibition of NF-κB expression under the Bay11-7082 treatment, accompanied with the reducing production of proinflammatory cytokine IL-1β. These data suggest that the effect of Bay11-7082 on NP-induced neuropathic pain was partly due to the inhibition of NF-κB activation.

The inflammasome plays vital roles in a variety of human autoimmune and inflammatory diseases, such as atherosclerosis, gout, myocardial infarction, and type II diabetes.[@b20-jpr-10-375] The NLRP3 inflammasome is the most intensively studied complex of the inflammasomes and can be activated by various stimulating factors (pathogens, stress, or other danger-induced substances). A recent study has showed that NLRP3 inflammasome activation may be involved in the genesis of headaches by promoting IL-1β maturation in the trigeminal ganglia.[@b21-jpr-10-375] In the present study, we found that the expression levels of IL-1β and IL-18 were significantly increased in DRG neurons of NP-implanted rats. The administration of Bay11-7082 significantly inhibited IL-1β and IL-18 expressions and had an effect on a pain-related behavior. This further provided another possible explanation for Bay11-7082 alleviating neuropathic pain by inhibiting NLRP3/caspase-1/IL-1β or IL-18 pathway. The implicate mitochondrion-associated signals mediated by Ca^2+^ signaling, generated by mitochondrial destabilization or dysfunction, in many settings of NLRP3 inflammasome activation.[@b22-jpr-10-375] In particular, mtDNA released into the cytosol and externalized cardiolipin can interact with and activate the NLRP3 inflammasome, potentially serving as ligands of the complex.[@b22-jpr-10-375]

NP from animals and humans has been found antigenic, and antibodies to NP have been detected in serum from human patients and animal models.[@b23-jpr-10-375] Inflammation mediators (phospholipase A~2~, prostaglandin E~2~, IL-1α, IL-1β, IL-6, tumor necrosis factor-α, and NO) have been identified in and around the intervertebral disk in numerous in vitro and in vivo studies.[@b23-jpr-10-375] These mediators stimulate the release of metalloproteases, which play a pivotal role in disk degeneration.[@b24-jpr-10-375]

CGRP is a 37-amino acid neuropeptide and is primarily released from sensory nerves. The upregulation of CGRP expression in DRG neurons induces mechanical allodynia.[@b25-jpr-10-375] In a prospective study of patients with LDH, preoperative levels of CGRP in plasma were significantly correlated with the degree of sciatica as determined by visual analog scale. Moreover, the expression level of CGRP significantly decreased after lumbar discectomy, which was in accordance with the relief of pain symptoms.[@b26-jpr-10-375] In consistent with previous reports, our study suggests that autologous implantation of NP induced an upregulation of CGRP in DRG neurons and that the treatment of Bay11-7082 significantly inhibited expression of CGRP protein in the neurons.

In conclusion, our findings show that NF-κB and NLRP3 inflammasome are involved in the development and maintenance of NP-induced neuropathic pain. Bay11-7082 reduces NF-κB and NLRP3 inflammasome activation along with attenuation of the pain in rats. The therapy targeting NF-κB and NLRP3 inflammasome might be a potential strategy in the treatment of neuropathic pain.
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![NF-κB activation in rat DRG after autologous implantation of NP.\
**Notes:** (**A** and **B**) Western blots showing the time course for expression of p-IκBα and p-p65 in DRG (n=4 for each group). Autologous NP implantation caused activation of p-IκBα and p-p65. Representative bands are shown on the top. (**C** and **D**) Graphs showing semiquantitative analysis of the proteins levels. One-way ANOVA, \*\**p*\<0.01 versus naive group. **^\#^***p*\<0.05, **^\#\#^***p*\<0.01 versus sham group.\
**Abbreviations:** ANOVA, analysis of variance; DRG, dorsal root ganglion; IκB, inhibitor of NF-κB; NF-κB, nuclear factor-kappa B; NP, nucleus pulposus.](jpr-10-375Fig1){#f1-jpr-10-375}

![Activation of NLRP3 inflammasome in DRGs of NP-treated rats.\
**Notes:** (**A**, **B**) The expression levels of NLRP3 were analyzed by immunoblotting using β-actin as an internal control. The ratio of the data were expressed with the ratio in naïve rats considered to be a value of 100. Data are mean ± SD (n=4 for each group). (**C**) Immunofluorescence analysis of NLRP3 in the DRG 7 days after surgery using the NLRP3 antibody (green). NLRP3 were expressed in the cytoplasm of the DRG in the NP-treated rats. In the naive or sham group, few NLRP3-positive cells were seen in the DRG. (**D** and **E**) The expression levels of ASC and Caspase-1 p20 were analyzed by immunoblotting using β-actin as an internal control. The ratio of the data were expressed with the ratio in naive rats considered to be a value of 100. Data are mean ± SD (n=4 for each group). (**F**) Immunofluorescence analysis of Caspase-1 p20 in the DRG 7 days after surgery using the Caspase-1 p20 antibody (green). Caspase-1 p20 were expressed in the cytoplasm of the DRG in the NP-treated rats. In the naive or sham group, few Caspase-1 p20-positive cells were seen in the DRG neurons. One-way ANOVA, \**p*\<0.05, \*\**p*\<0.01 versus naive group. **^\#^***p*\<0.05, **^\#\#^***p*\<0.01 versus sham group. Magnification × 100.\
**Abbreviations:** ANOVA, analysis of variance; ASC, apoptosis-associated speck-like protein containing caspase-1 activator domain; DRG, dorsal root ganglion; NLRP3, nucleotide-binding domain-like receptor protein 3; NP, nucleus pulposus; SD, standard deviation.](jpr-10-375Fig2){#f2-jpr-10-375}

![The production of IL-1β and IL-18 in rat dorsal root ganglion after autologous implantation of nucleus pulposus.\
**Notes:** (**A**) The expression levels of IL-1β and IL-18 were analyzed by immunoblotting using β-actin as an internal control. The ratio of the data were expressed with the ratio in naive rats considered to be a value of 100. Data are mean ± standard deviation (n=4 for each group). (**B** and **C**) Graphs showing semiquantitative analysis of the protein levels. One-way analysis of variance, \**p*\<0.05, \*\**p*\<0.01 versus naive group. **^\#\#^***p*\<0.01 versus sham group.\
**Abbreviation:** IL, interleukin.](jpr-10-375Fig3){#f3-jpr-10-375}

![Suppression of activation of NF-κB, formation of NLRP3 inflammasome, and production of IL-1β and IL-18 in DRGs of NP-treated rats by Bay11-7082 (Bay).\
**Notes:** NP-treated rats were treated with vehicle or Bay11-7082 for 4 weeks. (**A**) The expression levels of p65, p-p65, IκBα, and p-IκBα were analyzed by immunoblotting using β-actin as an internal control. (**B**) Western blot analysis reveals the expression of NLRP3, ASC, and Caspase-1 p20. (**C**) The expression levels of IL-1β and IL-18 were analyzed by immunoblotting using β-actin as an internal control. The ratio of the data were expressed with the ratio in naive rats considered to be a value of 100. Data are mean ± standard deviation (n=4 for each group).\
**Abbreviation:** ASC, apoptosis-associated speck-like protein containing caspase-1 activator domain; DRG, dorsal root ganglion; IκB, inhibitor of NF-κB; IL, interleukin; NLRP3, nucleotide-binding domain-like receptor protein 3; NP, nucleus pulposus.](jpr-10-375Fig4){#f4-jpr-10-375}

![Suppression of CGRP expression in DRG neurons of NP-treated rats by Bay11-7082 (Bay).\
**Notes:** Immunofluorescence showing expression and distribution of CGRP (red) in DRG neurons. The protein CGRP was not detected in the sham group. Cytoplasm staining of CGRP was increased in rat DRG neurons after autologous NP implantation group. Treatment with Bay11-7082 was able to inhibit expression of CGRP in rat DRG neurons. Scale bar =50 μm.\
**Abbreviations:** CGRP, calcitonin gene-related peptide; DRG, dorsal root ganglion; NP, nucleus pulposus.](jpr-10-375Fig5){#f5-jpr-10-375}

![Changes in mechanical allodynia and thermal hyperalgesia induced by NP after Bay11-7082 or no treatments.\
**Notes:** (**A**) From days 1 to 28, the mechanical withdrawal threshold was significantly lower in the NP-treated group than in the Bay11-7082 and sham groups; but the thresholds in the Bay11-7082 treatment groups were higher than that in the NP-treated group. (**B**) From days 1 to 28, the thermal hypersensitivity was significantly lower in the NP-treated group than in the Bay11-7082 and sham groups; but from days 3 to 28 the thermal hypersensitivity in the Bay11-7082 treatment groups were higher than that in the NP-treated group. Eight rats were included in each group. \*\**p*\<0.01 versus naive group. **^\#^***p*\<0.05, **^\#\#^***p*\<0.01 versus sham group.\
**Abbreviation:** NP, nucleus pulposus.](jpr-10-375Fig6){#f6-jpr-10-375}
